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(54) Article comprising a multimode optical fiber coupler 



(57) The present invention is an optical coupler (1 0) 
comprising a plurality of optical fibres (1 1 ) that have un- 
clad (core-exposed) ends (15) arid tapered cladding re- 
gions extending to cladded ends (18). The core-ex- 
posed ends (15) are arranged in a bundle, and the clad- 
ded ends (18) can be arranged as needed. The optical 



coupler (10) can efficiently couple between waveguides 
of different core areas and shapes. For example, it may 
be used to connect a multimode collection fibre (20) hav- 
ing a core area of greater than 50 u.m to a planar 
waveguide amplifier (30) having waveguide strips (31 ) 
with heights of 5 ujti or less. 
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Description 

[0001] The present invention relates to waveguide 
couplers and more particularly, to waveguide couplers 
that are efficient for coupling of light between 5 
waveguides having different shapes or dimensions. The 
invention is particularly useful in communications sys- 
tems and in free-space optical detectors. 
' [0002] Optical communication systems can transmit 
optical signals over long distances at high speeds. An 10 
optical signal is transmitted from a light source to a 
waveguide and ultimately to a detector. Optical 
waveguide structures such as optical fibers transmit the 
light signals. Basically, a waveguide structure compris- 
es an inner region (the core) fabricated from a material is 
having a certain index of refraction, and an outer region 
(the cladding) contiguous to the core comprised of a ma- 
terial having a lower index of refraction. A light beam 
propagated along the core will be guided along the 
length of the waveguide by total internal reflection. 20 
[0003] Planar waveguides are flat structures that 
guide light in the same way as optical fibers. Essentially, 
a planar waveguide comprises a core waveguide strip 
of material on a substrate where the waveguide strip has 
a relatively high index of refraction relative to the sub- 25 
strate. Thus, light is guided along the high index strip. 
[0004] Optical communications systems typically in- 
clude a variety of devices {e.g., light sources, photode- 
tectors, switches, optical fibers, amplifiers, and filters). 
Amplifiers and filters may be used to facilitate the prop- 30 
agation of light pulses along the length of the 
waveguide. 

[0005] The connections between the various system 
components inherently produce loss in optical commu- 
nication systems. Typically, optical fibers and devices 35 
are coupled together by splicing and bonding fiber ends 
or by using connectors. There is a loss in transmitted 
light that travels from one device to the other. With the 
increasing demand for efficient, large-scale manufactur- 
ing of hybrid integrated opto-electronic devices, there is 40 
a need to couple many waveguide devices together 
while minimizing losses. For example, planar 
waveguide amplifiers are desirable front ends for certain 
detectors, and for such applications it would be desira- 
ble to couple planar waveguides with a multimode signal & 
collection fiber. 

[0006] Many other factors contribute to losses in mak- 
ing waveguide connections. Such factors include over- 
lap of fiber cores, misalignment of the fiber axes, fiber 
spacing, reflection at fiber ends, and numerical aperture so 
( H NA°) mismatch. If a fiber receiving light has a smaller 
NA than a fiber delivering the light, some light will enter 
the receiving fiber in modes that are not confined to the 
core and will leak out of the receiving fiber. The loss can 
be quantified by the formula: Loss (dB) = 1 0 log 10 (NAg/ 55 
NAO 2 . 

[0007] Significant losses can occur if the signals are 
traveling from a large core into a smaller core. For ex- 



ample, loss of 1 .9 dB can occur when light travels from 
a 62.5 um core fiber to a 50 ujti core mulitmode fiber. In 
some applications it would be desirable to couple'iight 
from a fiber core (having a typical dimension of 50ujti to 
62.5uin) to a planar waveguide or a sputtered film. How- , 
ever, planar waveguide amplifiers typically cannot be 
made with cores that are more than about 5 um thick, 
and conventional sputtered films have a thickness of 
about 2-3 urn. On the other hand, a multimode signal 
collection fiber used in free-space opticaf reception sys- 
tems has a core that is typically more than 50 um in di- 
ameter. This mismatch in vertical dimension makes it 
very difficult to efficiently couple light from a multlimode 
signal collection fiber to a planar waveguide. Losses can 
amount to up to 1 7 dB or in some cases up to 97 or 98 
percent of the light.. 

[0008] As may be appreciated, those involved the de- 
velopment of communication systems and electro-opti- 
cal devices continue to seek new designs to Improve 
efficiency and performance. Inparticular, it would be ad- 
vantageous to have a mechanism for addressing the 
vertical dimension mismatch in the cores of the compo- 
nents being coupled, particularly as between an optical 
fiber and planar waveguide. 

[0009] The present invention is an optical coupler 
comprising a plurality of optical fibers that have unclad 
(core-exposed) ends and tapered cladding regions ex- 
tending to cladded ends. The core-exposed ends are 
arranged in a bundle, and the cladded ends can be ar- 
ranged as needed. The optical coupler can efficiently 
couple between waveguides of different core areas and 
shapes. For example, it may be used to connect a mul- . 
timode collection fiber having a core area of greaterthan 
50 u,m to a planar waveguide amplifier having 
waveguide strips with heights of 5 urn or less. 
[0010] The advantages, nature and various additional 
features of the invention will appear more fully uponcon- 
sideration of the illustrative embodiments now to be de- 
scribed in detail in connection with the accompanying 
drawing. In the drawings: 

FIG. 1 is. a schematic perspective (and partially 
cross-sectional) view of one embodiment of the in- 
ventive coupler disposed between an optical fiber 
and an array of planar waveguides; 
FIG. 2 is a view of the coupler of FIG. 1 looking in 
the direction of arrow B L° in FIG. 1 ; and 
FIG. 3 is a schematic illustration of the use of cou- 
plers according to Fig. 1 as front and back end com- 
ponents of a planar waveguide amplifier. 

[0011] It is to be understood that these drawings are 
for the purposes of illustrating the concepts of the inven- 
tion and are not to scale. 

[001 2] This invention is a waveguide structure that ef- 
ficiently couples light between waveguides having mis- 
matched cores. The term "waveguide" as used herein 
refers generally to light transmission structures such as 
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planar waveguides and optical fibers. The term "core" 
refers to the high refractive index light propagation re- 
gion of the waveguides. 

[001 3] Referring to the drawing, Fig. 1 is a schematic 
perspective (and partially cross-sectional) view of one 
embodiment of the inventive coupler 10 shown in posi- 
tion for coupling light between an optical fiber 20 and an 
array of planar waveguides 30. The coupler 1 0 provides 
a plurality of fibers 11a, 11b..., 11e, each fiber having a 
high refractive index core 12a, 12b,...,12e and a lower 
refractive index cladding region 13a, 13b,...,13e. The 
fiber claddings are tapered from essentially zero thick- 
ness at the first ends 1 5 of the fibers to a final thickness 
at or before the second or "ciadded" ends 1 8 of the fib- 
ers. Preferably, the taper is "anabatic," meaning that it . 
is sufficiently gradual over the length of the fiber that the 
modes are maintained, and scattering losses are negli- 
gible. 

[0014] The tapered cladding fibers 11a, 11b 11 e 

can be made by processes well known to those skilled 
in the art. For example, the tapering of the cladding can 
be achieved with a sub-tractive process, such as by slow- 
ly pulling the clad fibers out from HF etchant (-1% HF). 
Other etchants may be used such as K 4 Fe(CN) 6 , K 3 Fe 
(CN) 6 , Na2S 2 0 3> KOH in H 2 0. Alternatively, the tapered 
cladding can be formed by an additive process such as 
by sputtering, evaporation, chemical vapor deposition, 
electrodeposjtion, electroless deposition and dip-coat- 
ing. 

[0015] At the first ends 15 of the fibers (also referred 
to herein as the "core-exposed ends"), there is no ap- 
preciable surrounding cladding, and the core is ex- 
posed. The core-exposed ends 1 5 are bundled together 
and preferably adhered or fused together to form a sin- 
gle rod. 

[0016] The fibers 11a, 11b, ...11e advantageously 
have an elongated latitudinal cross-section. As more 
clearly shown in FIG. 2 the fibers are preferably elon- 
gated to an oval cross section. Round fibers, elliptical 
fibers, hexagonally-shaped fibers, or other shaped fib- 
ers also may be used; however, the shape of the fibers 
may impact on the number of fibers that will be needed 
to make the connection. 

[001 7] The bundled ends 1 5 are arranged to optically 
couple with the core 22 of the transmitting fiber 20. Spe- 
cifically, the surface area of the bundled, core ends 15 
is larger than the core 22 of the transmitting input fiber 
to minimize losses. FIG. 2 shows a latitudinal cross-sec- 
tion of the bundled fibers looking in the direction of arrow 
"L" of FIG. 1 . The core area of the input fiber is shown 
superimposed on this cross-section along dashed line 
"A" advantageously falling within the bundled core ends. 
This area "A" is referred to herein as the bundle input 
area. If each fiber in the bundle has a NA not smaller 
than that of the transmitting fiber, and the bundle input 
area covers the entire core area of the input fiber, then 
there should be minimal signal loss. 
[0018] Referring back to FIG. 1, the plurality of fiber 
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ends 15 are fused together. The fusing may continue 
along a section of the graded cladding portion of the fib- 
ers that is sufficient to support the NA of the fiber. The 
fibers slowly spread out to an array of splayed individual 

5 fibers at or near the ciadded ends 1 8. The ciadded ends 
18 can be arranged as needed to couple into a second 
waveguide or device. The resultant array of fibers may 
be collectively coupled to the face of one or more 
waveguides or, as shown in Fig. 1 , they rnay be individ- 

10 ually coupled to an array 30 of wavegujde strips 31a, 
31b, ...31e. 

[0019] The coupling of the fibers to the waveguide 
strips may be facilitated with one or more lenses 40. A 
cylindrical lens 40 as shown in FIG. 1 is preferred, as it 
is provides focusing in the direction normal to the sub- 
strate. A plastic jacket 19 may surround the bundled 
. ends 15 and maintain the ciadded ends 18 in a config- 
uration needed to couple to a downstream component 
or waveguide. 

20 [0020] Fig. 3 illustrates a preferred application of two 
Fig. 1 couplers 55, 75 in coupling light into and out of a 
planar waveguide optical amplifier 60. The amplifying 
arrangement comprises a pump input fiber 50 and signal 
input fiber 52 with the pump and signal light combined 

25 by free space combiner 54 and directed into the first fiber 
coupler 55, having a fiber bundle 51 at the input end. 
The plurality of fibers comprising the bundle 51 have 
claddings that are tapered outward, so that the fibers in 
the bundle are splayed into individual fibers 57a, 57b 

30 57d, and coupled to an array of amplifying waveguides 
61 a, 61 b 61 d of planar waveguide ampl if er 60. A sec- 
ond coupler 75 is connected at the output of the planar 
waveguide 60 With light from each of the waveguide 
films being directed into individual splayed fibers 77a, 

35 77b,..., 77d, that are tapered down into a fiber bundle 
71 . Light from bundle 71 could be directed into output 
fiber 72 toward receiver (not shown), and/or a splitter 74 
may be disposed in the output path. The receiver bundle 
71 can be optimized independent of the input con- 

40 straints. According to another aspect of the invention, 
the receiver bundle 71 is continued as a 'liber bundle 
transmission line" to a remote location and/or to the de- 
tector (not shown). This approach may be advanta- 
geous in that smaller cores will produce less dispersion 

45 than larger cores, as they support fewer modes. 

[0021] The number of fibers used in the bundles, the 
dimensions of the fiber cores and planar waveguides, 
the degree of taper, the composition of the components, 
and other design considerations may be adjusted de- 

50 pending on the application. In matching the coupler with 
the planar waveguides and/or multimode fiber, one con- 
sideration is that the cross-sectional area of the core, 
times the square of the numerical aperture, optimally 
should be the same on both sides of a juncture. In other 

55 words, if "A" denotes the cross-sectional core area for 
signal input or output and NA is the numerical aperture 
then A x (NA) 2 should be substantially constant through- 
out the system (within 5% and preferably 1 % of the 
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mean). 

[0022] The invention is advantageous in many ways. 
By enabling coupling of waveguides having vertical di- 
mension mismatches, a planar waveguide may be used 
as an amplifier and efficiently coupled with a multimode ' 
fiber Planar waveguide amplifiers may be more highly 
doped than optical fiber amplifiers. Additionally, in mul- 
timode applications, dispersion is an important factor as 
an increase in modes results in greater dispersion. With 
this invention, there is no modal noise penalty in the am- 
plifier, beyond the small modal dispersion in the individ- 
ual waveguides. Additionally, with the invention an in- 
crease in the input image size does not increase the mo- 
dal noise penalty. By providing low-dispersion optical 
amplification, the invention increases the flexibility of the 
system with regard to use of photodetectors. Low-dis- 
persion optical amplification permits use of avalanche 
diodes as photodetectors. 

[0023] According to another aspect of the invention, 
the amplification of individual waveguides 61a, 61b,..., 
61 d (FIG. 3) may be manipulated to compensate for or 
create patterns in the image. Also, the planar 
waveguides may be structured to reduce dispersion. It 
is beneficial to utilize a narrower core in the planar 
waveguides to reduce the number of modes and hence, 
cause less dispersion. The splayed ribbon of fibers (FIG. 
1, 18), may be arranged to match up" collectively to the 
face of a single waveguide, or they may be arranged to 
match the fibers to individual waveguides as shown in 
the figures herein. The waveguide" amplifier structure 60 
may be pumped in a cladding-pumping mode from the 
side by one or more extended cavity laser pumps sche- 
matically illustrated at boxed region 80 (FIG. 3). This 
edge-pumping scheme can increase pumping efficien- 
cy. The cladding of the planar waveguide can be shaped 
and dimensioned to confine the edge-pumped radiation, 
e.g., it can be formed as a ring-shaped or serpentine 
cladding arrangement. 

[0024] In supporting the total number of modes in the 
multimode fiber, a waveguide amplifier advantageously 
is provided having cross-sectional dimensions of tens 
of microns. Such a structure can be fabricated by apply- 
ing dry etching or deposition techniques known in the 
field. Alternatively, the waveguide structure can be fab- 
ricated from bulk glass applying the process described 
in applicant's co-pending United States patent applica- 
tion entitled "Method For Making A Planar Waveguide." 
[0025] The invention can be better understood from 
the following Examples. 

EXAMPLE 1 

[0026] A multimode input fiber having a core of - 
50ujn is coupled to an array of waveguides each having 
a height (film thickness) of 3u.m at the input end. The 
array of waveguides comprise aluminosilicate having a 
NA of 0.67. Optical fibers used for the coupling device 
have a NA of 0.23, and thus, the desired ratio of fiber 



diameter to waveguide height is 0.67/0.23 - 3. The di- 
ameter of the optical fibers is thus 9 urn (waveguide 
height of 3ujti x3), and nine fibers arcneeded to cover 
the 50 \xm ( input core area of the multimode input fiber. 

5 (A greater number of fibers, i.e., 30, could be needed if 
the fibers are round.) Advantageously, at the input end 
the planar waveguides have a width of 30jim and taper 
down to a dimension of 1 Opjn x 3 urn to take advantage 
of the lateral dimension of the higher NA of the planar 

io waveguide, as compared to the fiber. 

EXAMPLE 2 

[0027] A solid taper at the output end of the. multimode 

*5 collection fiber dimension reduces the N A requirements 
of the optical fibers in the coupler as compared with the 
configuration in Example 1 . The output end of the mul- 
timode collection fiber is tapered from 50 urn to 1 00 u/n 
which drops the NA requirement of the fibers in the bun- 

20 die from 0.23 to 0.23(2) 1/2 = 0.16. Thirty-two fibers of 
the same elongated cross-section of Example are need- 
ed, but signals may be transmitted to a waveguide pla- 
nar waveguide having a smaller height (film thickness) 
of 2.1 u/n (9 x 0.16/0.67=2.1). The lateral dimension of 

25 the planar waveguide is tapered down to 6.5 u.m, result- 
ing in planar waveguide dimensions of 2.1 x 6.5 u/n, to 
support less modes as compared with Example 1 . 
[0028] It is understood that the embodiments de- 
scribed herein are merely exemplary and that a person 

30 skilled in the art may make variations and modifications 
without departing from the spirit and scope of the inven- 
tion. For example, although the invention is described 
above with reference to a muttimode collection fiber cou- 
pled to an array of planar waveguides, the same con- 

35 cepts can be applied with other configurations. All such 
variations and modifications are intended to be included 
within the scope of the appended claims. 

40 Claims 

1 . An article including an optical coupler comprising: 

a plurality of optical fibres, each fibre having a 
45 core with a first index of refraction and a clad- 

ding having a second index of refraction lower 
than the first index of refraction, the cladding of 
each fibre being tapered from a first substan- 
tially unclad end to a second cladded end; 
so the plurality of fibres bundledtogether at the un- 

clad ends and splayed apart prior to the clad- 
ded ends, whereby the optical coupler is adapt- 
ed for optically coupling to a first waveguide or 
device having a first core area at the unclad 
55 ends and for coupling to a second waveguide 

or device having a second core area substan- 
tially different in size or shape from the first core 
area at the cladded ends. 
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2. The article of claim 1 wherein the optical coupler is 
adapted for optically coupling to a first waveguide 
or device having a core dimension greater than 50 
ujti and to a second waveguide or device having a 
core dimension less than 5 ujtv 



bres to the waveguide amplifier. 

9. The optical communications system of claim 7, 
wherein the planar waveguide has a height of at 
least 1 0 iim and a width of at least 30 ujti. 



3. The article of claim 1 wherein the optical coupler is 
adapted for optically coupling to a first waveguide 
or device comprising a multimode fibre and to a sec- 
ond waveguide or device comprising a planar 
waveguide. 

4. The article of claim 1 , wherein the optical coupler is 
adapted for optically coupling to a waveguide or de- 
vice comprising a planar waveguide amplifier hav- 
ing an array of waveguide strips and the plurality of 
cladded fibre ends of the coupler device are aligned 
with respective waveguide strips of the planar 
waveguide, amplifier. 

5. The article of claim 1 , wherein the plurality of optical 
fibres have an oval-shaped cross-section. 

6. The article of claim 1 , wherein the cross-sectional 
. area of the core of the plurality of fibres multiplied 
by the square of the numerical aperture of the plu- 
rality of fibres is substantially constant. 



10. The optical communications system of claim 7, 
wherein for each of the plurality of fibers, the first 
waveguide and the second waveguide, the cross- 
to sectional area of the core multiplied By the square 
of the numerical aperture is substantially constant. 
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7. An optical communications system comprising a 
transmitter, an optical transmission path, and a de- '30 
tector, wherein the optical transmission path com- 
prises a muttimode collection fibre coupled to a pla- 
nar waveguide amplifier by an optical coupler de- 
vice, the optical coupler device comprising: 

35 

a plurality of optical fibres, each having a core 
with a first index of refraction and a cladding 
having a second index of refraction lower than 
the first index of refraction, the cladding of each 
of the plurality of fibres being tapered from a *o 
core-exposed end where there is no cladding 
to a second, cladded end, 
the plurality of optical fibres being bundled to- 
gether at the core-exposed ends to define a 
bundle and splayed into an array of fibres at the 
cladded ends, wherein the optical coupler de- 
vice is adapted for coupling the multimode col- 
lection fibre having a first core area to the pla- 
nar waveguide having a waveguide strip with a 
second core area smaller than the first core ar- 50 
ea, such that the bundle may be aligned with 
the first core area of the multimode collection 
fibre and at least one of the array of fibres may 
be aligned with the second core area of the pla- 
nar waveguide amplifier strip. 55 

8. The optical communications system of claim 7, fur- 
ther comprising a lens for coupling the array of fi- 
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